Rationale The transition from infrequent and controlled cocaine use to dependence may involve enduring changes in neurobiology as a consequence of persistent drug use. Objective The present study utilized an intravenous drug self-administration protocol of increasing cocaine access to evaluate potential changes in dopamine function in vivo, including changes in sensitivity to psychostimulants. Materials and methods Drug-naïve rhesus monkeys were provided limited access (1 h) to cocaine self-administration for 60 days followed by 60 days under an extended access condition (4 h). Basal levels of striatal extracellular dopamine and its metabolites, as well as the effectiveness of cocaine and amphetamine to elevate dopamine, were determined with in vivo microdialysis before the initiation of cocaine self-administration and during limited and extended access. The effect of cocaine and amphetamine on the acoustic startle response was also examined to assess complementary behavioral changes as a function of drug history. Results Extended access to cocaine self-administration lead to increased daily intake compared to limited access conditions but did not result in escalated intake over time. However, cocaine-and amphetamine-induced increases in striatal dopamine were diminished as a function of cocaine self-administration history. Surprisingly, there was no effect of drug-taking history on sensitivity to psychostimulantinduced enhancement of startle amplitude. Conclusions The present experiments provide evidence of a hypofunctional dopamine system that is not associated with an escalation in drug intake or reflected in measures of acoustic startle.
Introduction
The transition from infrequent and controlled cocaine use to dependence may involve lasting changes in neurobiological function as a consequence of persistent drug use. These changes manifest in the increased consumption of drug over time and the inability to modulate that intake despite the aversive consequences (Siegel 1984; Gawin and Ellinwood 1989; Leshner 1997 ). Animal models of drug selfadministration have been used to demonstrate many of the major hallmarks of drug abuse. In rodents, short periods of cocaine access (1 h) produce a consistent pattern of selfadministration behavior with a moderate level of drug intake, whereas prolonged cocaine availability (6 h or more) can result in a progressive escalation in drug intake similar to human patterns of cocaine abuse Koob 1998, 1999) . Employing this model of chronic, elevated cocaine intake may be useful in characterizing changes in abuse-related behavior and neurobiological adaptations as a function of drug history.
Psychostimulants, such as cocaine and amphetamine, increase extracellular levels of monoamines. However, it is the mesocorticolimbic dopamine projections to the striatum and cortex that play the primary role in the reinforcing effects of cocaine (Wise and Bozarth 1985) . Studies comparing short versus long access to cocaine selfadministration in rodents have found noticeable differences in dopamine system function with prolonged cocaine exposure. Rodents provided long access are more sensitive to the behavioral-suppressant effects of a dopamine receptor antagonist suggesting a change in receptor number or function as a result of increased cocaine intake . Rodents provided long access also show deficits in cognitive function following extended drug experience (Briand et al. 2008 ) and significant decreases in dopamine D2 receptor mRNA and protein levels (Mantsch et al. 2004; Briand et al. 2008 ). Synaptic reorganization is also evident with increased density of dendritic spines on neurons in the prefrontal cortex and the nucleus accumbens (Ferrario et al. 2005) . Hence, long-term, repeated administration of cocaine can induce a variety of neuroadaptations within the dopamine system.
Acoustic startle provides a simple and reliable behavioral measure to characterize the consequence of cocaine selfadministration history on the status of the dopamine system and sensitivity to the acute effects of psychostimulants. Acoustic startle is a sensorimotor reflex in response to an intense, abrupt auditory stimulus. The reflex is an innate defense mechanism and is mediated by a well-characterized three-synapse simple circuit (Davis et al. 1982; Lee et al. 1996; Lang et al. 2000) . This response is likewise sensitive to dopaminergic modulation by both direct and indirect dopamine agonists (Davis et al. 1975 (Davis et al. , 1986b Davis 1985; Meloni and Davis 1999) . Moreover, chronic cocaine users in various phases of drug withdrawal have been shown to have diminished responses to startle stimuli (Efferen et al. 2000) as do rats given daily cocaine for 8 weeks (Adams et al. 2001 ). This may be the result of persistent changes to the dopamine system as a consequence of an extensive drug-taking history.
The present study investigated the effect of extended intravenous (i.v.) cocaine self-administration history on subsequent dopamine system function in nonhuman primates. Rhesus monkeys were chosen as subjects because of their close physiological and behavioral relationship to humans, as well as for their longevity which allows for a more rigorous, within-subjects design that covers months of cocaine access as documented in humans. Naïve monkeys were trained on a fixed ratio (FR) 20 schedule of cocaine reinforcement. Following acquisition of self-administration, cocaine access was limited to 1 h/day for 60 days (limited access) and then increased to 4 h/day of extended access for 60 days (extended access). Basal levels of striatal extracellular dopamine and its primary metabolites, as well as the effectiveness of cocaine and amphetamine to elevate dopamine, were determined prior to cocaine selfadministration and during limited and extended access conditions. In vivo microdialysis was complemented with behavioral measures of acoustic startle. Baseline measures of startle amplitude prior to cocaine self-administration and during limited and extended access conditions were used to determine any progressive changes in basal startle response. In addition, measures of startle amplitude in response to cocaine and amphetamine challenges also assessed progressive changes in sensitivity to psychostimulants. The overall objective was to determine, in vivo, whether the tone and responsiveness of the dopamine system changes as a result of cocaine self-administration history.
Materials and methods

Subjects
Four male and two female adult (6-8 years old) rhesus monkeys (Macaca mulatta) weighing between 9 and 15 kg served as subjects. All monkeys were experimentally naïve at the start of the present experiments. Between daily experimental sessions, monkeys were individually housed and provided ad libitum access to food (Purina Monkey Chow, fresh fruit and vegetables) and water daily. Animal use procedures were in strict accordance with the National Institutes of Health's "Guideline for the Care and Use of Laboratory Animals" and were approved by the Institutional Animal Care and Use Committee of Emory University.
Self-administration
Monkeys were surgically implanted with chronic indwelling i.v. catheters. Implantation was done under a combination of Telazol and isoflurane (1.0-2.0%) anesthesia using aseptic techniques. One end of a silicone catheter was inserted into either the femoral or jugular vein and advanced into the vena cava. The distal end of the catheter was routed subcutaneously and attached to a vascular access port (Access Technologies, Skokie, IL, USA) in the intrascapular region. Preoperative antibiotic (Rocephin) and postoperative analgesic (Banamine) were administered according to veterinary staff direction. Catheters were flushed daily with 1.0 mL of heparinized (100 U/mL) saline to maintain patency.
During self-administration sessions, each monkey was seated in a commercially available primate chair (Primate Products, Miami, FL, USA). A response panel equipped with a lever and stimulus lights was attached to the front of the chair. The skin over the vascular access port was cleaned with 95% ethanol and betadine, and then a special right-angle Huber needle (Access Technologies, Skokie, IL, USA) was inserted into the port. The chair was then enclosed in a ventilated, sound-attenuating chamber (Med Associates, St. Albans, VT, USA). Polyvinyl chloride tubing connected the Huber needle to a motor-driven syringe pump (Model PhD 2000; Harvard Apparatus, Holliston, MA, USA) located outside the test chamber containing the drug solution. When activated, the pump delivered a unit dose of 0.1 mg/kg/infusion (−) cocaine HCl (National Institute on Drug Abuse, Bethesda, MD, USA) in a volume of 2.0 mL during a 7.0-s infusion. Med-PC (Med Associates, St. Albans, VT, USA) software systems controlled all experimental events and data collection.
Each monkey was trained on an FR schedule of drug self-administration. FR self-administration training began with an FR 1 and increased sequentially when at least three infusions were earned in three consecutive testing days at each FR until FR 20 was reached. Only five infusions were available for each session during FR self-administration training. It took on average about 30 sessions to complete FR self-administration training. Each session began with the presentation of a red stimulus light. The completion of a FR response requirement changed the stimulus light from red to white for 15 s and initiated a 0.1-mg/kg infusion of cocaine. The infusion was followed by a 60-s timeout during which stimulus lights were extinguished and responding had no scheduled consequences. At the end of the timeout, the red light was presented again to initiate the next FR component. Once the terminal schedule was reached (FR 20) , the sessions were limited to 1 h each day, 6 days/week, but no limit was placed on the number of available infusions. Subjects were maintained on this limited access schedule for 60 days (10 weeks). The limited access condition was then followed by 60 days (10 weeks) on an extended access schedule during which the session length was increased to 4 h each day with a limit of 60 available infusions to prevent adverse effects. Finally, the limited access condition was reinstated to determine if the history of extended access resulted in a persistent escalation of cocaine self-administration.
In vivo microdialysis
For in vivo microdialysis experiments, subjects were implanted bilaterally with guide cannulae (CMA 12; CMA Microdialysis, Stockholm, Sweden) targeted to the caudate nucleus, a target region of dense dopamine terminals. Before surgery, monkeys were sedated with Telazol then supplemented with inhaled isoflurane (1.0-2.0%) to maintain depth of anesthesia during the procedure. A stereotaxic apparatus was used for proper positioning of the animal's head and to ensure insertion of the guide cannulae to the appropriate depth based on coordinates derived from a standard macaque atlas. A small burr hole for the guide cannulae was made above the caudate nucleus using a trephine drill. Once implanted, Teflon screws and cranioplastic cement held the guides securely in place, and a protective chamber with removable cap (IPI-J1 and ICO-J0; Crist Instrument Company, Hagerstown, MD, USA) prevented access to the site by the monkeys. Analgesics and antibiotics were prescribed as necessary to alleviate any discomfort associated with surgery, and a 2-week recovery period preceded any planned microdialysis experiments. Three subjects lost their dialysis chambers prior to the completion of all baseline experiments in the drug-naïve state and were, therefore, not included in the data presented.
Three sets of microdialysis experiments were conducted throughout this study. Changes in dopamine levels in the caudate in response to an acute drug challenge were determined before the initiation of selfadministration in the drug-naïve state, during limited access, and again during extended access. During each set of experiments, the monkeys were seated in a primate chair and placed inside a ventilated, sound-attenuating chamber as previously described. The cap of the chamber was removed and 24 mm microdialysis probes (CMA 12, custom made) were inserted into both guide cannulae. A microinjection pump (Harvard Apparatus, Holliston, MA) located outside the chamber continuously delivered artificial cerebrospinal fluid (aCSF) (Na 2 HPO 4 , 1.0 mM; NaCl, 150 mM; KCl, 3 mM; CaCl, 1.3 mM; MgCl, 1.0 mM; and ascorbic acid, 0.15 mM) through the probes via FEP Teflon tubing (CMA, 1.2 µL internal volume/ 100 mm length) at a perfusion flow rate of 2.0 µL/min. Following a 1-h equilibrium period, six samples of baseline dialysate (basal samples) were collected before an acute i.v. injection of either cocaine (0.3 or 1.0 mg/kg) or amphetamine (0.1 or 0.3 mg/kg) was administered through the vascular access port. Samples of dialysate were then collected every 10 min for 2 h following the injection. Finally, a high potassium (K + ) aCSF solution containing 54 mM KCl and 103 mM NaCl was substituted for the standard aCSF at the end of the session to induce voltage-dependent dopamine release. This release of dopamine served as an indication of site viability across several experimental determinations. Additionally, the probes were tested in vitro before and after each in vivo experiment to determine the probe efficiency and performance.
Small-bore high-pressure liquid chromatography (HPLC) and electrochemical detection quantified the levels of dopamine and its metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), according to well-established analytical procedures (Czoty et al. 2000) . The HPLC system consisted of a small-bore (3 mm internal diameter×100 mm) column (5 µm C 18 stationary phase; Thermo Hypersil; Keystone Scientific Operations, Bellefonte, PA, USA) with commercially available mobile phase (ESA Biosciences, Chelmsford, MA, USA) delivered by an ESA model 582 solvent delivery pump at a flow of 0.6 µL/min. After loading the dialysis samples into the refrigerated sample tray (ESA model 542), they were automatically mixed with 3 µL of ascorbate oxidase and 5 µL of this mixture was injected into the HPLC system. Electrochemical analyses were performed with an ESA dual-channel analytical cell (model 5040) and guard cell (model 5020, potential= 350 mV) and an ESA Coulchem II detector. The potential of channel 1 was set to −150 mV for oxidation and channel 2 was set to 275 mV for reduction.
A full range of dopamine standards (0.5-25 nM) was analyzed before and after each set of experimental samples to evaluate the possible degradation of dopamine. Levels of dopamine below 0.5 nM were considered below the limits of detection. Chromatograms were generated using EZChrom Elite software (version 3.1, Scientific Software, Pleasanton, CA, USA). This software was also used to analyze the chromatograms by comparing the estimated concentration of dopamine and its metabolites to the standards. The change in dopamine and metabolite concentrations was then presented as a percentage of their basal levels as a function of drug dose over time. The percent change in dopamine and metabolite levels for the left and right caudate were averaged for each monkey at each dose of drug.
Acoustic startle
A detailed account of the apparatus used to quantify acoustic startle responses in rhesus monkeys has been described previously (Winslow et al. 2002) . Briefly, startle testing was conducted in a sound-attenuating chamber equipped with a small ventilation fan and two wallmounted, high-frequency audio speakers. Background noise (64 dB) was produced by a white noise generator (Lafayette, Model 15800; Lafayette, IN, USA) and delivered through the speakers. The speakers also delivered the startle stimulus, a 50-ms burst of white noise of varying intensities. Whole-body startle responses were measured with an Endevco 2217E accelerometer connected to a Model 104 Endevco amplifier (Endevco, San Juan Capistrano, CA, USA) inside the testing chamber. The accelerometer was center-mounted underneath the upper panel of a two-panel platform. The panels were bolted together and separated by heavy compression springs at each corner. On startle testing days, each monkey was placed inside a custom-built Lexan primate restraint box (25×25×56 cm) designed to support the monkey in an upright position while still allowing free movement within the apparatus. Subjects were positioned on the platform inside the testing chamber. Movement of the restraint box, resulting from whole-body startle responses, displaced the accelerometer and produced a voltage signal that was integrated by the Endevco amplifier to produce an output voltage signal proportional to the chamber's displacement velocity. Startle amplitude was defined by the maximum accelerometer voltage generated within the first 200 ms of the acoustic stimulus presentation.
Three sets of acoustic startle experiments were conducted throughout this study. The stimulus-response relationship between startle stimulus intensity and startle amplitude was determined before the initiation of selfadministration in the drug-naïve state, during limited access, and again during extended access. Within each set of experiments, a startle test session was conducted 3 days/week. A 24-min test session began with a 5-min acclimation period then consisted of six consecutive blocks of three stimulus intensities (95, 105, and 115 dB) for a total of 18 presentations. The order of the stimulus presentations was systematically varied for each block with an interstimulus interval of 60 s. Background movement was also sampled by measuring accelerometer voltage generated in the absence of any startle stimulus 30 s before each startle presentation. This measure was defined as basal activity to provide a measure of general activity. Two baseline test sessions were conducted prior to any drug sessions. Immediately prior to the start of a drug test session, intramuscular injections were given of either saline or drug (0.3, 1.0, and 1.7 mg/kg cocaine and 0.1, 0.3, and 1.0 mg/kg amphetamine). All saline and drug doses were randomized for each monkey and tested twice for a total of 16 test sessions for each set of startle experiments.
Study timeline
Subjects underwent the first set of microdialysis and acoustic startle experiments in the drug-naïve state (Fig. 1) . Microdialysis experiments were conducted once every 2 weeks and acoustic startle test sessions were conducted three times per week (Monday, Thursday, and Friday). Immediately following these initial determinations, Fig. 1 Study timeline for each drug access condition including each set of microdialysis and acoustic startle experiments (see the "Materials and methods" section for detailed explanation) subjects were trained under the FR schedule of cocaine selfadministration. Once the terminal FR 20 schedule was reached, sessions were limited to 1 h each day, 6 days/week. Subjects were maintained under this limited access condition for 60 test sessions. The second set of microdialysis and acoustic startle experiments began after 36 test sessions were completed. On days when subjects were not involved in either microdialysis or acoustic startle experiments, cocaine self-administration sessions were conducted as normal. Subsequently, the extended access condition (FR 20, 4 h each day) and the last set of microdialysis and acoustic startle experiments followed the same schedule described above for the limited access condition. Finally, the limited access condition was reinstated for 12 sessions to evaluate changes in the level of cocaine intake due to a history of extended access to cocaine.
Data analysis
A paired t test compared the average number of infusions earned during the first and tenth week of the extended access condition to determine if cocaine intake escalated during the 10 weeks of cocaine self-administration. In addition, daily intake during hour 1 for the first 12 days (week 1) of extended access was also compared by oneway repeated-measures analysis of variance (ANOVA).
For microdialysis, dopamine levels are expressed as nanomolar concentration in dialysate, unadjusted for probe recovery. Mean baseline dopamine concentrations for an individual subject were defined as the mean of the dopamine concentration of the six samples preceding drug treatment. The dopamine concentration for each 10-min sample was expressed as a percentage of the mean baseline value. Individual subject means were well-reflected in the group data. The peak dopamine responses for each set of microdialysis experiments were analyzed by one-way repeated-measures ANOVA to determine the effect of cocaine self-administration history on the ability of acute administration of cocaine and amphetamine to increase dopamine concentrations above baseline. Mean baseline dopamine and metabolite data were also analyzed by oneway repeated-measures ANOVA to identify any significant effect of drug history on basal levels.
The startle amplitude for each stimulus intensity is the average of two test sessions conducted for each drug dose per animal. Each test session presented the stimulus intensities six times in random order. Within each set of startle experiments, a two-way repeated-measures ANOVA was conducted for cocaine and amphetamine with startle amplitude response as the dependent measure. Differences between drug-naïve, limited access, and extended access conditions at the midrange dose of cocaine and amphetamine were analyzed by an additional two-way repeatedmeasures ANOVA. The Tukey's post hoc test for multiple comparisons was used for all follow-up analyses. Table 1 lists the total levels of drug intake (in milligrams per kilogram) in individual animals for each phase of cocaine access. Self-administration training sessions allowed for a maximum of five cocaine infusions per session (0.1 mg/kg/infusion). Training generally took about 30 sessions and total cocaine intake for all monkeys averaged 9.3±1.3 mg/kg. Following acquisition of selfadministration, cocaine became available under limited access conditions. Self-administration sessions were performed 6 days/week, and over the 10 weeks of limited access, cocaine intake averaged 82.4±13.3 mg/kg. When cocaine access was increased to 4 h/day during the 10 weeks of extended access, total intake for each monkey increased considerably above their limited access levels averaging 245.0±27.8 mg/kg for the entire group. Figure 2 illustrates, on the other hand, that, as a group, drug intake did not show any escalation over the course of the 10-week extended access. A paired t test comparing the average intake during the first week to the tenth week revealed no significant difference in the level of intake throughout the extended access condition. Similarly, during The letter in parentheses (F or M) indicates gender the first hour of extended access sessions, cocaine intake remained unchanged from that seen during the 1 h of limited access each week, further indicating the stability of selfadministration behavior. As shown in the inset of Fig. 2 , there was also no increase in daily cocaine intake during hour 1 over the first 12 days of extended access. Finally, a 2-week return to limited access conditions was accompanied by a level of cocaine intake indistinguishable from that seen during the first 10 weeks (data not shown).
Results
Self-administration behavior
In vivo microdialysis
Cocaine (0.3 and 1.0 mg/kg) and amphetamine (0.1 and 0.3 mg/kg) both elicited dose-dependent increases in extracellular dopamine (Fig. 3a, b) . The peak dopamine response (percent of basal levels) occurred within 20 min of the drug administration and gradually returned toward baseline levels over the remaining 2-h session. As cocaine self-administration history progressed, there was a significant decline in cocaine-induced increases in dopamine during limited and extended access (F(2,4) = 8.125, p=0.039) at the highest dose. There was also a nonsignificant downward trend in amphetamine-induced increases in dopamine during extended access at the highest dose. There was no significant difference in the peak dopamine effect in response to the lower doses of cocaine (0.3 mg/kg) or amphetamine (0.1 mg/kg) at any time point. Note that the highest doses of cocaine (1.0 mg/kg) and amphetamine (0.3 mg/kg) also produced a comparable increase in dopamine at their peak in the drug-naive state, 814% and 765%, respectively. This potency comparison was used to determine dose selection in acoustic startle experiments. Table 2 shows that measures of basal dopamine (average of the six baseline samples taken before administration of drug) remained consistent across multiple experiments within individual subjects and that similar levels of dopamine were observed in all three monkeys. There was no significant change in the nanomolar concentration of dopamine as a function of cocaine self-administration history, although levels were less than 70% of those observed in the drug-naïve state during limited and extended access conditions. Also included in Table 2 are the basal concentrations of the major dopamine metabolites, DOPAC and HVA. There was a significant decrease in both metabolites as a function of cocaine self-administration history (DOPAC: F(2,4)=13.452, p=0.017; HVA: F(2,4)= 10.318, p=0.026). Note that the ratio of dopamine/DOPAC and dopamine/HVA was consistent across all conditions. There was no change in in vitro probe recovery of dopamine or its metabolites across multiple determinations (data not shown).
Acoustic startle
As expected, acoustic startle was robust and its amplitude increased with stimulus intensity. There was a significant main effect of acute cocaine challenge on acoustic startle (drug-naïve [F(3, 15) Fig. 4a, b and is typical of the stimulus-response relationship seen during limited and extended access. For each set of startle determinations, cocaine consistently induced a greater enhancement of startle than any dose of amphetamine. Although cocaine treatment enhanced the startle response above that of saline, the effect was not dosedependent nor did the effectiveness of cocaine change as cocaine self-administration history increased from limited to extended access conditions. Startle amplitude at the midrange dose tested for both cocaine and amphetamine is graphed in Fig. 5a , b for each set of startle experiments. Cocaine self-administration history had no effect on baseline startle or startle amplitude in response to acute stimulant challenges with either cocaine or amphetamine.
Discussion
The objective of the present study was to establish a welldocumented history of cocaine self-administration in nonhuman primates and to evaluate potential changes in dopamine system function. Cocaine-and amphetamineinduced increases in striatal dopamine diminished following a history of cocaine self-administration, indicating tolerance to the neurochemical effects of these psychomotor stimulants. This diminished dopamine response was not associated with a significant decrease in basal dopamine, although there was a significant decrease in DOPAC and HVA levels during the limited access condition. Interestingly, these changes in dopamine neurochemistry were not dependent upon the emergence of an escalating pattern of drug intake. During the extended access condition, there was no escalation in the number of cocaine infusions earned over the 60-day period. This was surprising considering rodent studies employing a similar dosing regimen have repeatedly shown an escalating pattern of cocaine intake in subjects that have experienced up to 6 h of daily cocaine access (Ahmed and Koob 1999; Ferrario et al. 2005; Knackstedt and Kalivas 2007) . In acoustic startle experiments, acute administration of cocaine enhanced the startle response, but there was no effect of self-administration history on baseline startle amplitude or sensitivity to cocaine-induced enhancement of startle. Overall, the present experiments indicate that nonhuman primates with a history of cocaine self-administration show evidence of tolerance to cocaineand amphetamine-induced increases in striatal dopamine. This effect on dopamine neurochemistry, however, was not associated with an escalation in drug intake and was not reflected in behavioral measures of acoustic startle. Fig. 4 Effects of cocaine (a) and amphetamine (b) on average startle amplitude for drug-naïve animals (n=6). Drug-naïve subjects were given either saline or drug immediately prior to the start of an experimental session. Graphs depict mean startle amplitude for increasing drug doses as a function of acoustic stimulus intensities (in decibels). Data are collapsed across repeated blocks of stimulus presentation. The asterisk indicates significant difference from saline at each stimulus intensity Fig. 5 Average startle amplitude as a function of cocaine selfadministration history (n=6). For each set of acoustic startle experiments (drug-naïve, limited access, and extended access), subjects were given either saline or drug immediately prior to the start of an experimental session. Graphs depict mean startle amplitude as a function of acoustic stimulus intensities (in decibels) at the midrange dose tested for cocaine (1.0 mg/kg) and amphetamine (0.3 mg/kg) for each set of startle experiments. Data are collapsed across repeated blocks of stimulus presentation. Open circles represent saline in both graphs
Neuroimaging studies in cocaine-dependent human subjects have associated long-term cocaine use with a decrease in dopamine neurotransmission. Functional changes in the dopamine system in dependent subjects can be characterized by marked decreases in druginduced dopamine release, increases in dopamine transporter density, and decreases in dopamine receptor binding, consistent with a hypofunctional dopamine system (Volkow et al. 1990 (Volkow et al. , 1997 Malison et al. 1998; Martinez et al. 2007 ). These human studies are consistent with findings reported in rodents showing a diminished dopamine response to cocaine following prolonged access to cocaine. An acute cocaine challenge in rodents with a history of continuous cocaine self-administration for 24 h failed to significantly increase dopamine levels above that seen in drug-naïve animals (Mateo et al. 2005) . Similar to the current study, there was also no difference in the cocaine-induced dopamine response between rodents provided extended access (6 h) to cocaine self-administration and those with only limited access (1 h) (Ahmed et al. 2003) . The strength of the current study was the use of a within-subject, longitudinal design that allowed for the evaluation of striatal dopamine from a drug-naive state through two different conditions of cocaine self-administration in nonhuman primates.
Acoustic startle is an innate reflex elicited by a sudden and intense auditory stimulus. The reflex is mediated by a simple three-synapse circuit (Davis et al. 1982; Lang et al. 2000; Lee et al. 1996) and is sensitive to dopaminergic modulation by both direct and indirect dopamine agonists (Davis et al. 1986b; Meloni and Davis 1999) . Furthermore, chronic cocaine users have been shown to have diminished responses to startle stimuli presumably as a consequence of an extensive drug-taking history (Efferen et al. 2000) . It was, therefore, hypothesized that enduring neuroadaptive changes in the dopamine system due to chronic cocaine exposure would alter the responsiveness to acoustic startle. Moreover, it was hypothesized that the enhanced startle amplitude following acute stimulant challenge would also be diminished, further indicating a tolerance to psychostimulants. The present study is the first to characterize the effect of cocaine self-administration history on subsequent acoustic startle responding in nonhuman primates. However, there was no evidence that cocaine self-administration history affected basal or stimulant-induced enhancement of startle amplitude. The consistency of startle-inducing acoustic and tactile stimuli (air puffs) following several days or weeks of continuous cocaine exposure is well-documented by the literature derived from rodent studies. Compared to saline-treated groups, maximum tactile startle responses were largely unchanged in rodents with a history of cocaine selfadministration or chronic cocaine infusions (Mansbach et al. 1994; Barros and Miczek 1996; Mutschler and Miczek 1998a, b) . The magnitude of the acoustic startle response was similarly unaffected by long-term cocaine exposure whether self-administered or by chronic infusion (Mansbach et al. 1994) . Similarly, there was no change in baseline (saline) responding to acoustic stimuli at any time point in this study.
Acute administration of cocaine enhanced the acoustic startle response, although the effect was not dosedependent. A ceiling effect may explain the lack of a significant dose-related effect with cocaine. Interesting, sensitivity to cocaine-induced enhancement of startle was not influenced by cocaine self-administration history even though there was evidence of a decreased dopamine response determined with in vivo microdialysis. While the dopamine response to acute cocaine challenge was blunted with continued cocaine self-administration history, the increase observed may have been sufficient to modulate startle. Additionally, cocaine has equipotent affinity for the dopamine and serotonin transporters (Rothman and Baumann 2003) and selective serotonin receptor agonists alone have been shown to increase the magnitude of the acoustic startle response in rodents (Svensson and Ahlenius 1983; Davis et al. 1986a; Nanry and Tilson 1989) . A potential role for serotonin is supported by the ineffectiveness of amphetamine to enhance acoustic startle in the present study. Unlike cocaine, amphetamine has very low affinity for the serotonin transporter (Rothman and Baumann 2003) . Amphetamine is a potent dopamine transporter blocker and a releaser of dopamine (Sulzer et al. 1995) , but acute administration of amphetamine did not have a significant effect on startle amplitude.
Literature derived from rodent studies also suggests that the behavioral-stimulant effects of cocaine may be insensitive to changes induced by chronic cocaine selfadministration. Rodents trained to self-administer cocaine under a long access schedule (6 h/session) escalate their drug intake over time; however, they show the same level of cocaine-induced locomotor activity as their short access counterparts (1 h/session) (Ben-Shahar et al. 2004 Ferrario et al. 2005; Ahmed and Cador 2006; Knackstedt and Kalivas 2007) . Moreover, consistent behavioral-stimulant effects were observed even though long access to cocaine was associated with increased motivational effects of cocaine, increased spine density in the nucleus accumbens core, enhanced synaptic activity, and synaptic reorganization (Ben-Shahar et al. 2004; Ferrario et al. 2005; Knackstedt and Kalivas 2007) . Clearly, changes in neurochemistry are not necessarily reflected across all behavioral measures.
Interestingly, there was no escalation in drug intake during the extended access condition. Compared to the limited access condition, drug intake increased markedly when subjects were given three extra hours of drug access. However, drug intake was remarkably stable over the 60 days of extended access. Moreover, drug intake during the first hour of extended access was virtually identical to drug intake during the 1-h limited access condition. This contrasts with a number of rodent studies reporting an escalation in cocaine intake during extended access conditions Koob 1998, 1999; Ben-Shahar et al. 2004; Mantsch et al. 2004; Ferrario et al. 2005) . Rodents provided long access to cocaine increase their drug intake significantly within five self-administration sessions and continue to increase thereafter. Furthermore, increases in cocaine intake are seen in rodents within the first hour of long access conditions, whereas intake remains unchanged with repeated testing under limited access conditions. In the current study, a similar reinforcement schedule was used in the nonhuman primate model including prolonged selfadministration sessions for 60 days providing ample opportunity for an escalated pattern of cocaine intake to emerge. In fact, a consistent level of cocaine intake was also noted previously in rhesus monkeys provided supplemental drug intake under a FR schedule several days a week. Even with months of supplemental drug intake, there was no indication of an escalated pattern of cocaine intake over time (Henry and Howell 2009) . Taken together, these nonhuman primate studies demonstrate that supplemental drug intake or extended access to cocaine self-administration do not result in escalation of cocaine intake. Nonetheless, the present findings did show a significant effect of cocaine self-administration history on subsequent neurochemical measures which lends support for the utility of the nonhuman primate as a model in which to study the impact of extended cocaine access on neurochemistry.
In summary, rhesus monkeys with a progressive history of cocaine self-administration developed evidence of tolerance to stimulant-induced increases in striatal dopamine as determined with in vivo microdialysis. This neuroadaptive response was not associated with an escalated pattern of cocaine intake. In contrast, behavioral measures of stimulant-enhanced acoustic startle responding were unaffected as cocaine exposure increased despite the blunted dopamine response to cocaine. The results of this study demonstrate that an escalated pattern of drug use is not necessary for drug history to alter the responsiveness of the dopamine system. Duration of cocaine access may be a more important variable in determining the neurobiological effects of cocaine self-administration history in nonhuman primates.
